We clarify how magnetic reconnection can be derived from magnetohydrodynamics (MHD) equations in a way that is easily understandable to university students. The essential mechanism governing the time evolution of the magnetic field is diffusion dynamics. The magnetic field is represented by two components. It is clarified that the diffusion of a component causes a generation of another component that is initially zero and, accordingly, that the magnetic force lines are reconnected. For this reconnection to occur correctly, the initial magnetic field must be directed oppositely in the two regions, e.g., y > 0 and y < 0; must be concave (convex) for y > 0 (y < 0); and must be saturated for y far from the x axis, which would indicate the existence of the current sheet. It will be clear that our comprehension based on diffusion runs parallel to the common qualitative explanation about the magnetic reconnection.
I. INTRODUCTION
A solar flare is the most violent explosion in the solar system. It occurs over the Sun's surface, resulting in the brightening of electromagnetic waves over a wide wavelength range and the release of about 10 22 -10 25 joule of energy within about 10 2 -10 3 s[1]. How such a large amount of energy is released in such a short time has puzzled scientists for many years. One of the epoch-making approaches to this problem is to exchange the magnetic energy into kinetic energy and the heat of plasma by reconnecting magnetic field lines. This is referred to as magnetic reconnection. The time evolution of the magnetic field is determined by a magnetic induction equation that includes two contrary effects, "freezing" and diffusion of the magnetic field, which is explained in detail later. Diffusion of the magnetic field is caused by Joule dissipation. If the electric resistivity is low, the magnetic field is "frozen" into the plasma. However, if an anomalous resistivity is induced for some reason and the diffusion effect becomes dominant, the freezing of the magnetic field ceases and its structure can be altered.
In other words, the diffusion causes structural change of the magnetic field. However, the time for the release of the magnetic energy is quite long. In the case of the solar flare, the diffusion constant η is about 1 m 2 /s and the typical scale of length for the energy release, which we shall denote by L 0 , is 10 8 m. Therefore, the time can be estimated as L 0 2 /η ∼ 10 16 s ∼ 10 8 yr, which is not comparable with the observed release time [2] . Hence, we can explain the heating of plasma and the release of a large amount of energy by considering only the time evolution of the magnetic field, but cannot explain the release time.
For resolving this problem, Dungey proposed a model considering the electromagnetic field caused by the motion of the plasma and, thus, using magnetohydrodynamics (MHD) with negligible gas pressure. He showed that a current sheet forms between opposite directions of the magnetic field[2, 5]. Dungey was also the first to suggest that the configuration of the magnetic field can change. Subsequently, Sweet and * Electronic address: tashiro@cosmos.phys.ocha.ac.jp Parker expanded on Dungey's model by considering the in/out flow of the plasma and using MHD equations; this model is referred to as Sweet-Parker's model [2, [6] [7] [8] . According to their model, a plasma flowing into the current sheet with a velocity v i flows out along the sheet with the Alfvén velocity V A . The velocity v i satisfies the following relation.
where R m denotes the magnetic Reynolds number, which can be expressed as
The magnetic energy moves with velocity v i , and the time with which the energy is released over a length L 0 is given by
If we use 10 8 m and 1 m 2 /s as values for L 0 and η, respectively, and estimate the Alfvén velocity as 10 8 m/s, the energy release time becomes 10 8 s. Therefore, we can find that the time is much shorter than that for the model considering only diffusion dynamics. However, this time is still longer than what is observed. Petschek reduced the reconnection region in order to resolve this discrepancy, resulting in the release time of 10 2 -10 3 s, which is closer to the observed one [9] . As mentioned above, the theory of magnetic reconnection has been developed. However, the concept used in describing the time evolution of the magnetic field is that of diffusion. Hence, the question arises as to why diffusion produces a structural change of the magnetic field. Of course, we can often find a qualitative explanation by drawing analogy between magnetic field lines and rubber bands: the energy of short connected magnetic field lines is lower than that of extended magnetic field lines, as is shown in Fig. 1 . However, this analogy does not account for the aspect of diffusion dynamics. One of ways to determine that magnetic reconnection is caused by diffusion is to calculate the magnetic induction equation and other MHD equations numerically. However, such a calculation would be required to be done over a complex computer program using an expensive, high-specification machine. In this paper, we demonstrate how the magnetic field reconnects not through such an advanced technical process, but through a method that can be easily understood by university students who are familiar with diffusion phenomena. This paper is organized as follows. First, we derive the equations governing the time evolution of magnetic and velocity fields and define their initial and boundary conditions in Sec. II. Next, the diffusion phenomena are revisited in Sec. III A, after which we demonstrate how the magnetic field lines are reconnected using the basic knowledge of diffusion in Sec. III B. Finally, in Sec. IV, we conclude this paper and indicate the equality of our comprehension and the common qualitative explanation.
II. FUNDAMENTAL EQUATIONS
In this section, we enumerate the equations governing the time evolution of magnetic and velocity fields. For simplicity, these fields are assumed to exist only on the x-y plane.
The time evolution of the magnetic field, B, is expressed by the following magnetic induction equation.
where v is the velocity field of the plasma and η is the magnetic diffusivity, which can be defined by using the electric resistivity, η e , and the magnetic permeability, µ, as η = η e /µ. The right hand side has two terms: the first represents the effect of the freezing of the magnetic field into the plasma, and the second represents the diffusion. For the case with η = 0, i.e., the case of a perfect conductor, the magnetic field moves together with the plasma [2, 10] . This magnetic induction equation can be derived by incorporating Faraday's law
the electric field of the Ohm's law
and Ampère's law
in which j is the current density. See Appendix for the details. Next, the equation of motion of the plasma that is considered as a perfect incompressible fluid is
where ρ m and p represent the mass density and the pressure of plasma, respectively. The above two equations, Eqs (4) and (8), are sufficient for us to understand the magnetic reconnection.
We show the change in the electric resistivity, η e , with time, which is how the structural change of the magnetic field starts, as follows: before t = 0, the value is zero everywhere; subsequently, it increases drastically only over the region −L < x < L and −w < y < w, which we call the reconnection region. Hence, the magnetic field "frozen" into the plasma starts to "melt" at t = 0. Then, we set the change in magnetic diffusivity, η, in this region as follows:
In addition, we shall call the other region, |x| ≥ L or |y| ≥ w, the frozen region. The initial magnetic field, B(r, t ≤ 0), is chosen to be parallel with the x axis at y > 0 and antiparallel with it at y < 0. Thus, we adopt an odd function as the magnetic field. Here, we use the following simple expression
where a is some constant whose dimension is the inverse of length. From Ampère's law, the current density can be obtained as
This current density localizes around the x axis, that is, the current sheet. The existence of this current sheet between oppositely directed magnetic fields is important in the magnetic reconnection. Therefore, we choose the hyperbolic tangent among odd functions: the derivative of the initial B x with respect to y must localize around the x axis. In other words, this initial magnetic field must be concave (convex) at y > 0 (y < 0) and be saturated for y far from the x axis. In this paper, we regard the plasma as a perfect conductor with no resistivity until t = 0, i.e., η = η e = 0. The velocity field must be zero in order to keep this magnetic field static:
This is because the plasma and the magnetic field move together for the case with η = 0. For the velocity field to maintain this state, the following relation, obtained from Eq. (8), must be satisfied.
From Eq. (11), the right hand side of Eq. (13) becomes
Hence, we obtain the pressure gradient,
These magnetic and velocity fields do not change in the frozen region after t = 0.
III. TIME EVOLUTION OF MAGNETIC AND VELOCITY FIELDS

A. diffusion
In this subsection, we revisit the diffusion dynamics. Although diffusion is not the primary topic of this paper, the main equation governing the time evolution of the magnetic field is the diffusion equation, as shown in Eq. (4).
The diffusion equation in one dimension is
in which D is the diffusion constant. We can interpret this equation as follows: P(x, t) increases (decreases) with time if the second derivative with respect to the spatial variable is positive (negative). P(x, t) is convex (concave) at a region where the second derivative is positive (negative). Therefore, a picture of the diffusion dynamics is a rise of the convex region and a fall of the concave one, as is shown in Fig. 2 . 
B. magnetic reconnection
Here, we investigate how the magnetic field changes for a small t by the occurrence of dissipation at t = 0.
From the values of the magnetic and velocity fields at t ≤ 0, shown as in the previous section, one can obtain
and
From these equations, it is clarified that the magnetic field evolves with time earlier than the velocity field. Hence, let us consider the time evolution of the magnetic field maintaining the value of the velocity field as that in Eq. (12), and then, let us investigate how this time evolution affects the zero velocity field. Because we can regard B y at a small t as being nearly equal to zero, magnetic induction equations at the reconnection region become
Moreover, from Eqs. (10) and (12), we can regard B x and v y at a small t as 
Equations (19) and (22) together compromise the exact diffusion equation. Because the initial magnetic field, B x (r, 0) = B 0 tanh ay, is concave for y > 0, the effect that results in denting of the convex region works in the same way as that explained in Sec. III A. As mentioned in the above paragraph, however, B x is always zero at y = 0. Moreover, the value of the magnetic field is fixed at y = w and x = ±L, as these are boundaries between the reconnection and frozen regions. Therefore, the denting is remarkable at the center of the reconnection region with y > 0, as shown in Fig. 3 ; this denting is indicated by
This absolute value increases with the distance from the y axis, which can be seen easily from Fig. 3(a) . Because of the time evolution of B x , the z component of the current density, j z , which is described by using the derivatives of the magnetic field as
changes with time in the following way: ∂ y B x becomes smaller than its initial value, i.e., aB 0 sech 2 ay, particularly at a small y because of the denting effect of diffusion (See Fig. 3(b) ). Therefore, the absolute value of j z localizing in the vicinity of the x axis at t = 0 diminishes. The following qualitative explanation may help us understand this result easily: The occurrence of dissipation reduces the current density. Hence, the balance between the pressure gradient and the force from the magnetic field described by Eq. (13) breaks down; the time evolution of the velocity field is thus governed only by the pressure gradient. Because this gradient is shown as Eq. (15), only the y component of the velocity field has the following value, which does not depend on x:
This absolute value becomes smaller with the distance from the x axis. The reason is as follows. The absolute value of the current density is originally small at a region far from the x axis, and hence, the pressure gradient balanced with the force caused by the current density and the magnetic field is also small at this region. 
This absolute value increases with distance from the y axis. On the other hand, this value decreases with distance from the x axis because of the behavior of v y as mentioned before. Hence, we can understand that the magnetic field directed parallelly or antiparallelly along the x axis at t = 0 starts to reconnect owing to the occurrence of B y , which is described in Fig. 4 .
IV. CONCLUDING REMARKS
We have clarified how the diffusion gives rise to the magnetic reconnection. The magnetic induction equation has two components. First, the x component, B x , diffuses, and then, the y component, B y , which is initially zero, is generated by the time evolution of B x . For the magnetic field lines to be reconnected correctly, the initial B x must be concave (convex) at y > 0 (y < 0) and must be saturated for y far from the x axis to such an extent as 1/a as in this paper; this behavior would indicate that the current density is localized around the x axis, i.e., the current sheet. This current sheet is also necessary in the qualitative explanation. If an anomalous resistivity occurs, the current dissipates and the magnetic field starts to melt. As a result, enormous energy breaks out through the Joule dissipation and magnetic reconnection is generated. The common qualitative explanation of the magnetic reconnection using the current sheet is connected to our comprehension based on diffusion in this paper. Finally, we emphasize that if we adopt other concave (convex) functions of y at y > 0 (y < 0), which are saturated as the initial magnetic field, magnetic reconnection can occur.
